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The equilibrium electrical conductivity of epitaxial SrTiO3 (STO) thin films was investigated as a function
of temperature, 950  T /K  1100, and oxygen partial pressure, 10−23  pO2/bar  1. Compared with
single-crystal STO, nanoscale thin-film STO exhibited with decreasing film thickness an increasingly enhanced
electronic conductivity under highly reducing conditions, with a corresponding decrease in the activation enthalpy
of conduction. This implies substantial modification of STO’s point-defect thermodynamics for nanoscale film
thicknesses. We argue, however, against such a finite-size effect and for an interface-proximity effect. Indeed,
assuming trapping of oxygen vacancies at the STO surface and concomitant depletion of oxygen vacancies—and
accumulation of electrons—in an equilibrium surface space-charge layer, we are able to predict quantitatively
the conductivity as a function of temperature, oxygen partial pressure, and film thickness. Particularly complex
behavior is predicted for ultrathin films that are consumed entirely by space charge.
DOI: 10.1103/PhysRevB.89.241401 PACS number(s): 73.63.−b, 68.35.Dv, 73.30.+y
Increasingly, transition-metal oxides are coming under
consideration for the key components in conventional and
novel electronic devices [1–5]. The perovskite oxides—
SrTiO3 (STO) and BaTiO3 (BTO), for example—have been
suggested for use, in the form of thin films, as the high-k
dielectric in standard semiconductor technology [6], as the
tunnel barrier in multiferroic tunnel junctions [7], and as the
active layer in memristive elements [8].
Understanding and controlling charge-carrier densities in
these oxide thin films is critical to their successful application.
For example, the use of STO [9] or the related ferroelectric
oxide BTO [10] as the tunnel barrier in multiferroic tunnel
junctions requires current transport to occur by charge-carrier
injection from the electrodes: charge carriers originating from
the tunnel barrier itself are undesired. Such parasitic charge
carriers, evidenced by the high leakage currents observed for
ultrathin STO [11] and BTO [12,13] films, have often been
suspected to be caused by a high density of ionic defects,
predominantly oxygen vacancies, induced during thin-film
growth [14]. In general, charge-carrier densities in thin films
appear to differ significantly from those in single crystals.
In this Rapid Communication we investigate the high-
temperature, equilibrium conductivity of epitaxial STO thin
films as a function of temperature T and oxygen partial
pressure pO2. Since the measurements refer to thermodynamic
equilibrium between the sample and the surrounding gas
phase, excess oxygen vacancies produced during growth
are absent from the sample, although they are of course
readily generated or annihilated through equilibration with
the ambient atmosphere; and they are formed to com-
pensate acceptorlike impurities (self-compensation). In any
case, the measured conductivity is dictated by equilibrium
thermodynamic processes. We find that the experimentally
measured conductivity varies strongly with film thickness.
We then discuss whether the point-defect thermodynamics
are altered at the nanoscale (a finite-size effect), or whether
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space-charge layers become increasingly important at the
nanoscale (an interface-proximity effect). Both explanations
have been applied, albeit qualitatively, to nanoscale STO
and BTO systems [15–19]. Here we demonstrate that an
interface-proximity effect explains quantitatively the observed
behavior, and we draw attention to the consequences.
Heteroepitaxial STO thin films were grown on (001) (La0.3
Sr0.7)(Al0.65Ta0.35)O3 (LSAT) substrates by pulsed laser de-
position (PLD) from a single-crystal target of nominally
undoped STO. PLD conditions were optimized to ensure
growth of stoichiometric STO [20–22]. STO thin films were
deposited with layer thicknesses of (a) d = 3.9 nm [10 unit
cells (10 uc), aSTO = 0.39 nm] and (b) d = 160 nm. Further
details of sample deposition and characterization are given as
Supplemental Material [23]. Four Pt contacts were sputtered
onto a sample for the in situ, four-point, dc conductance
measurements. These were performed with an in-house system
based on an yttria-stabilized zirconia oxygen pump [15].
After a change in oxygen partial pressure or temperature,
the conductance Y of the sample was monitored until no
further change was observed: In this way we can be confident
that thermodynamic equilibrium was established between the
sample and the surrounding atmosphere, and hence that the
measured conductance is the high-temperature equilibrium
conductance (HTEC).
We chose LSAT as a substrate for two reasons. First,
the small, temperature-independent lattice mismatch between
STO and LSAT allows growth of high-quality, epitaxial
STO thin films, with a small compressive strain of (aLSAT −
aSTO)/aSTO ≈ −0.9%. Second, the HTEC of LSAT is low,
even at elevated temperatures [24]. Nevertheless, comparing
the measured HTEC of the 10-uc-thick STO layer on LSAT
with that of a bare (reference) LSAT substrate (see Fig.
S4 [23]), we find that only under highly reducing conditions,
pO2 < 10−14 bar, can the conductance be unambiguously
assigned to the 10 uc STO thin film; at higher oxygen
partial pressures the LSAT substrate dominates. The analysis
and discussion of experimental data is confined, therefore,
to the HTEC of thin-film STO under highly reducing
conditions.
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FIG. 1. (Color online) Effective conductivity of heteroepitaxial
thin-film STO compared with that of single-crystal STO: (a) as a
function of oxygen partial pressure and (b) as a function of tempera-
ture. The thin-film data is limited to highly reducing conditions, for
which the conductance of the thin film dominates the conductance of
the film|substrate sample.
In Fig. 1 we plot for two selected temperatures the
effective conductivity of the two investigated film thicknesses
(10 uc and 160 nm), and for comparison, the conductivity
measured for an undoped single-crystal STO sample (sxtal).
Note, for the chosen measurement geometry, σeff = Y/d, see
Fig. S4(a) [23]. Starting with single-crystal STO, we find that
the data agree exceptionally well with literature data [15,25–
28], not only in terms of the absolute magnitude but also in
terms of the activation enthalpy of the conductivity, H sxtalσ =
(2.7 ± 0.1) eV, and the dependence on oxygen partial pressure,
σ sxtaleff ∝ (pO2)−1/4. Moving on to the 160-nm-thick STO film,
we find that the effective conductivity is ca. one order of
magnitude higher than that of the single crystal, and that this
enhancement is accompanied by a strong decrease in activation
enthalpy, H 160 nmσ = (1.5 ± 0.1) eV, and by a substantial
weakening of the the pO2 dependence, σ 160 nmeff ∝ (pO2)−1/5.5.
For the third system, the 10 uc film, the changes are amplified:
The conductivity is increased further, being two to three orders
of magnitude higher than the bulk conductivity; the activation
enthalpy is decreased further, H 10 ucσ = (1.3 ± 0.1) eV; and
the pO2 dependence is weakened further, σ 10 uceff ∝ (pO2)−1/6.
Thus on traversing the samples from single crystal, via
160 nm thin film, to 10 uc thin film, we find a monotonic
increase in conductivity, a monotonic decrease in activation
enthalpy, and a monotonic weakening of the pO2 dependence.
The characteristic exponent of −1/4 obtained for the
single crystal in this pO2 range, σ sxtaleff ∝ (pO2)−1/4, indicates
importantly that (i) the conductivity is n-type, the electrons
being generated by the reduction of STO according to (with
oxygen vacancies being fully ionized, V··O, at the conditions of
the HTEC measurements [26])
O×O  V··O + 2e′ + 12 O2; (1)
and (ii) that the nominally undoped STO single crystal is in
fact weakly acceptor doped (from unintentionally included
impurities) [15,26,29].
Given that the n-type electronic conductivity can be ex-
pressed as the product of the electrons’ concentration, charge,
and mobility (σn = neμn), the enhancements observed for the
nanoscale films could be due to modification of the electron
concentration n or of the electron mobility μn, or a combina-
tion of both. At the high temperatures of our HTEC measure-
ments, phonon scattering governs the mobility [25,26,30–32],
and this is unlikely to differ significantly between single
crystals and thin films. The observed enhancement in σeff
evidently arises, therefore, from an increase in n.
The obvious explanation for this increase is that the
point-defect thermodynamics of STO are size dependent. To
be specific, Hred, the enthalpy of the reduction reaction
[Eq. (1)], is required to decrease with decreasing film thick-
ness. Such a decrease in Hred would explain the enhancement
of σeff , the decrease in Hσ , and the weakening of the
pO2 dependence (Fig. 1). Though simple, this explanation is
unsatisfactory for two reasons. First, although there are many
examples of solids exhibiting size-dependent thermodynamic
properties [33], they all refer to cases in which a significant
proportion of the constituent atomic species is situated close
to an interface, i.e., the characteristic extent of the system
is a few nanometers. Thus, the 10 uc film is expected to
behave differently to the bulk single crystal (and does), but
the 160 nm film should display bulklike behavior (and does
not). Indeed, the conductivity of the 160 nm film is closer
in behavior to that of the 10 uc film than to that of the
bulk single crystal. Second, in appealing to this explanation
one implicitly assumes local charge neutrality, but this is not
necessarily the case. In the vicinity of an interface, local charge
neutrality is often violated: A space-charge layer is present,
in which the concentrations of mobile charge carriers are
drastically modified from their bulk values. Below we show
that electron accumulation in a surface space-charge layer—an
interface-proximity effect—can explain quantitatively, within
a single model, the behavior of both film thicknesses.
In our model, nonuniform charge-carrier distributions
across the films are governed by the behavior of the oxygen
vacancies. Specifically, an equilibrium surface space-charge
layer is formed as a result of fully ionized oxygen vacancies
having a lower Gibbs energy of formation at the surface than
in the bulk, g{V··O} = gs{V··O} − g
b
{V··O} < 0 [29,34]; essentially,
g{V··O} is the Gibbs energy for the trapping of oxygen
vacancies at the surface. (The surface is defined here as the
uppermost, half unit-cell layer; its extent is thus ws = aSTO/2.)
By redistributing oxygen vacancies to the surface from the
bulk phase, electrostatically charging the surface and the
adjacent bulk phase in the process, the system can lower
its Gibbs energy from the initially homogeneous, locally
neutral state: In this sense a surface can be considered as
“half a grain boundary” [34–36]. The electrical potential φ(x)
associated with this charging causes electron accumulation
in the surface space-charge zone (see Fig. 2), and it is this
region of excess electrons that is responsible for the enhanced
conductivity of the thin films. In a band diagram [Fig. 2(c)],
the conduction band (CB) and valence band (VB) bend
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FIG. 2. (Color online) Schematic diagrams of point-defect con-
centrations [(a),(b)] and of the corresponding energy levels [(c),(d)]
for STO under highly reducing conditions for two extreme cases:
semi-infinite case, d > λ∗ [(a),(c)]; flat-band case, d  λ∗ [(b),(d)].
Redistribution of oxygen vacancies from bulk to surface (gray bar)
generates an electrical potential that causes electrons to accumulate
close to the interface. In (a) and (b), A (blue), V (black), and n (red)
are the concentrations of acceptors, oxygen vacancies, and electrons,
respectively; dashed lines indicate bulk values.
downwards in the near-surface region, so that the Fermi energy
EF approaches the CB edge. Note, as shown in Figs. 2(a)
and 2(b), the positively charged vacancies at the surface are
compensated in the adjacent bulk phase primarily by the
now uncompensated acceptor-dopant cations and partly by
the accumulated electrons; the latter contribute more to the
compensating charge as the conditions become more reducing.
The measured conductance in the plane of the thin film is the
sum of the bulk conductance Y b and the excess conductance
from the space-charge layer Ysc (i.e., the shaded area in Fig. 2
multiplied by μne); the effective conductivity follows as
σeff = σ bn +
Ysc
d
= μne
(
nb +
∫ d
0 [n(x) − nb]dx
d
)
. (2)
In order to obtainn(x) and henceYsc, we solved three coupled
equations in an iterative, self-consistent procedure for each
pO2, T , and d:
(1) In an equilibrium space-charge zone, the electrochem-
ical potentials of all mobile charge carriers are constant
throughout the system. Assuming the standard form for
the electrochemical potential of the point-defect building
unit [34,37] in the bulk phase (b) and at the surface (s), one can
write for each of the three mobile species (electrons, electron
holes, and oxygen vacancies)
kBT ln
csdef
N sdef − csdef
− kBT ln c
b
def
Nbdef − cbdef
+g{def} + zdefe0 = 0, (3)
to link the thermodynamic driving energies g{def} to the
space-charge potential 0. cdef , Ndef , and zdef are the con-
centration, density of available sites, and charge number of
the charge carrier “def.” For electrons and holes, Ndef is the
effective density of states at the conduction-band and valence-
band edges, respectively. g{def} for electrons and holes are
the conduction-band and valence-band offsets between surface
and bulk phases.
(2) The electrical potential in the space-charge layer φ(x) is
given by the solution to the one-dimensional Poisson equation
(r0 is the dielectric permittivity)
r0
d2φ
dx2
= −e
[
A −
∑ zdefNbdefcbdefe−zdefeφ/kBT
Nbdef + cbdef(e−zdefeφ/kBT − 1)
]
(4)
for the boundary conditions 0 = φ(0) − φ(∞) and ∇φ(d) =
0. The second boundary condition approximates the het-
eroepitaxial film as one active (gas|STO) interface and one
inactive (STO|LSAT) interface. The alternative approximation
of ∇φ(d/2) = 0, i.e., two active surfaces, does not change the
results qualitatively. Acceptor impurities are assumed to be im-
mobile; their concentration A is thus constant across the film.
(3) The thin film as a whole is electrically neutral, i.e.,
the space charge is compensated exactly by the charge of the
surface, Qsc + Qs = 0, or
r0
dφ
dx
∣∣∣∣
x=0
+ ws
∑
zdefe
(
csdef − cbdef
) = 0. (5)
We stress that 0 and Qs may vary with d, T , pO2, and
A because the values they take are dictated by Eqs. (3)–(5),
with the boundary condition ∇φ(d) = 0. In contrast, g{V··O} is
independent of these variables, being specific to the material
(STO) and the interface [(100) surface].
In order to obtain σeff , one has to specify point-defect
concentrations in the bulk, cbdef(T ,pO2), resulting from
A ≈ 1018 cm−3 (see Fig. S5 [23]); the electron mobility
μn(T ) [26]; and the dielectric permittivity, which only
depends on temperature not electric field in the studied
temperature range, r(T ) [38]. Furthermore, we assumed for
the surface: N sdef to be equal to Nbdef ; and g{def} to be zero for
electrons and electron holes. The sole driving energy is thus
g{V··O} = −1.4 eV (a value determined experimentally [29]).
The entire computational procedure was implemented in
MATLAB (The Mathworks, Inc.).
In Fig. 3 we compare the calculated values of σeff with
the experimental results. Three aspects need to be emphasized:
Not only is the increase in σeff with decreasing film thickness
reproduced, but also the weakening of the pO2 dependence
[σ ∝ (pO2)−1/mσ ], mcalcσ (sxtal : 160 nm : 10 uc) = 4.0 : 4.7 :
5.8, and the decrease in activation enthalpy of conduction,
H calcσ (sxtal : 160 nm : 10 uc) [eV] = 2.6 : 1.5 : 1.3. Detai-
led analysis reveals that the changes are due to the combination
of 0 varying with pO2, T , and d, and of the space-charge
layer becoming increasingly important with decreasing film
thickness. The calculations do overestimate σ 10 uceff . And it is
not clear whether this is due to the use of a continuum approach
for such a small (10 uc) system; to experimental inaccuracy;
or to a real effect. The compressive strain observed for this
ultrathin film may conceivably cause an increase in Hred,
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FIG. 3. (Color online) Comparison of experimental data (closed
symbols) and theoretical predictions from the space-charge model
(open symbols): (a) as a function of oxygen partial pressure; (b) as a
function of temperature.
and thus a decrease in nb. If real, this would be a secondary
interface-proximity effect.
(Incidentally, cation intermixing across the STO|LSAT
interface appears to be insignificant. As a primary effect, it
is unable to account for the enhanced conductivity of either
film thickness as a function of T and pO2. As a secondary
effect it cannot explain why the measured σ 10 uceff is lower than
the calculated value.)
One point not apparent in Fig. 3 is the rich behavior of σeff
as a function of film thickness d, especially for d  λ∗, where
λ∗ = √20r0/eA is the space-charge screening length for
the case of immobile acceptors. To this end we consider in
Fig. 4 the effective electron concentration neff = σeff/μne as
a function of d. The solid line was calculated for all d from
the single, semi-infinite value of Ysc [see Fig. 2(b), in which
φ(x) decays from 0 at the surface to zero before the end
of the film is reached]. The square symbols refer to values
of Ysc calculated individually for a specific value of d.
For films with d > λ∗, the two are identical (as expected),
but as d decreases below λ∗, differences appear. They arise
because φ(d) 
= 0, i.e., the entire film is consumed by space
charge and defect concentrations do not attain their bulk
values anywhere in the film. This is a finite-size effect,
though secondary to the (primary) interface-proximity effect.
For ultrathin films (d  λ∗), φ(0)/φ(d) approaches unity
(flat-band case) [Fig. 2(d)]. Differences have been previously
predicted for d < λ∗ [39], but the behavior predicted here—an
initial, modest enhancement, and thereafter, a plateau as the
flat-band case is attained—is far more complex than literature
considerations [39,40] because in our case, 0 is not assumed
to be constant but may vary with d, as a consequence of
specifying the thermodynamic driving energies g{def}.
Also plotted in Fig. 4 are experimental data extracted from
this study and from an earlier study on thicker films [15].
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FIG. 4. (Color online) Variation with sample thickness d of the
effective electron concentration neff in STO at high temperature (T =
950 K) and highly reducing conditions (pO2 = 10−20 bar). Space-
charge screening length, λ∗ = 90 nm for this T and A.
These data agree well with the theoretical predictions. The plot
also emphasizes that the 160 nm film corresponds to d > λ∗,
with φ(160 nm) = 0 [cf. Fig. 2(c)], whereas the 10 uc film
corresponds to the flat-band case, with φ(0)/φ(d) ≈ 1 [cf.
Fig. 2(d)]. On going to higher oxygen partial pressures, the
entire graph shifts to lower neff . Nevertheless, for ultrathin
films we predict that, even after annealing at pO2 = 1 bar,
such samples will display n-type conductivity, with neff ≈
1014 cm−3. Furthermore, upon quenching to room temperature,
neff will not depart from the high-temperature values consider-
ably. Thus ultrathin-film STO will always display an enhanced
concentration of electrons relative to single-crystal STO: It
is unavoidable because electron accumulation in the surface
space-charge layer is an equilibrium phenomenon. Only
through judicious choice of electrodes, thereby modifying
g{def}, may the effects be alleviated.
Lastly we note that our results apply to acceptor-doped and
nominally undoped (=acceptor-doped by impurities) systems.
Donor-doped thin films are characterized by surface depletion
of electrons [41,42] instead of accumulation, possibly due to
oxidation of the surface [43].
In summary we conclude that an equilibrium space-charge
layer at the STO surface accounts for the films’ enhanced
n-type conductivity σn, lowered activation enthalpy Hσ ,
and weaker pO2 dependence. The primary effect is thus
an interface-proximity effect, although additional complex-
ities are generated by secondary finite-size (and possibly
interface-proximity) effects. The inhomogeneous, equilibrium
distribution of oxygen vacancies (and other charge carriers)
across a thin film is expected to be characteristic of perovskite
oxides, in particular, and other oxides, in general.
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